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Solid-state NMRa b s t r a c t
The 50-amino acid protein medin is the main ﬁbrillar component of human aortic medial amyloid (AMA),
the most common form of localised amyloid which affects 97% of Caucasians over the age of 50. Struc-
tural models for several amyloid assemblies, including the Alzheimer’s amyloid-b peptides, have been
deﬁned from solid-state nuclear magnetic resonance (SSNMR) measurements on 13C- and 15N-labelled
protein ﬁbrils. SSNMR-derived structural information on ﬁbrillar medin is scant, however, because
studies to date have been restricted to limited measurements on site-speciﬁcally labelled protein
prepared by solid-phase synthesis. Here we report a procedure for the expression of a SUMO-medin
fusion protein in Escherichia coli and IMAC puriﬁcation yielding pure, uniformly 13C,15N-labelled medin
in quantities required for SSNMR analysis. Thioﬂavin T ﬂuorescence and dynamic light scattering
measurements and transmission electron microscopy analysis conﬁrm that recombinant medin assem-
bles into amyloid-like ﬁbrils over a 48-h period. The ﬁrst 13C and 15N SSNMR spectra obtained for
uniformly-labelled ﬁbrils indicate that medin adopts a predominantly b-sheet conformation with some
unstructured elements, and provide the basis for further, more detailed structural investigations.
 2014 Published by Elsevier Inc.Introduction
Over 30 proteins and peptides polymerise via soluble oligo-
meric intermediates into insoluble amyloid or amyloid-like ﬁbrils
associated histopathologically with human disorders including
Alzheimer’s, Parkinson’s and type II diabetes [1,2]. Despite consid-
erable research into the cellular and molecular basis of amyloidos-
es, there is no clear consensus as to the contribution of amyloid to
disease or how amyloid pathogenicity is inﬂuenced by the struc-
ture of the protein assemblies at the molecular level. There is sub-
stantial evidence that the pre-ﬁbrillar aggregates of amyloidogenic
proteins and peptides are cytotoxic [3–7], and the mature ﬁbrillar
deposits detected in tissue by immunochemical staining may con-
sequently be a benign end-point of the assembly process [8,9]. Fur-
ther research is required to elucidate the nature and cytotoxic
mechanism of these species at the molecular level in order to guide
the development of targeted therapies. Solid-state nuclear
magnetic resonance (SSNMR)1 of 13C- and 15N-labelled protein
ﬁbrils has played a valuable role in these ongoing research effortsand has been utilised to deﬁne structural models for several amyloid
assemblies, including the Alzheimer’s amyloid-b peptides, the hu-
man islet amyloid polypeptide and b2-microglobulin [10–16].
Aortic medial amyloid (AMA) is the most common form of local-
ised amyloid identiﬁed to date, affecting 97% of Caucasians over
the age of 50 [17]. It occurs predominately in the medial layer of
the aorta and may have a role in vascular pathologies such as tho-
racic aneurysm and dissection [18]. The major protein component
of AMA is ﬁbrillar medin (AMed), a cleavage product of the glyco-
protein lactadherin [19]. AMed was ﬁrst isolated from cadaveric
tissue of three patients with extensive medial amyloid deposits,
the isolated proteins had a ragged N-terminus but the main protein
component consisted of the 50 amino acid polypeptide medin
(Fig. 1A) [17,19]. The 8 C-terminal residues of medin are important
for aggregation [20] and a peptide corresponding to residues 42–49
(Med42–49) forms needle-like aggregates composed of parallel
hydrogen-bonded b-strands aligned in-register [11]. SSNMR analy-
sis of selectively 13C-labelled medin and Med42–49 ﬁbrils prepared
by solid-phase synthesis indicates differences in the packing
arrangements of the C-terminal amino acid side-chains (7). Very
little else is known about the molecular architecture of medin
ﬁbrils, however, and a more detailed structural analysis of
full-length medin using SSNMR will require extensively or uni-
formly 13C and 15N labelled protein. To date, however, no detailed
procedure has been published for the production of medin in
Fig. 1. Amino acid sequence of medin (A) and schematic of pOPINS construct, black arrow indicates SUMO protease cleavage site (B).
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initially employed a pMal vector construct commonly used for
expression in Escherichia coli of amyloidogenic peptides fused with
maltose binding protein, but this approach was aborted because of
difﬁculties encountered with the proteolytic cleavage of medin
after puriﬁcation by afﬁnity chromatography. We report here that
the successful expression and puriﬁcation of medin is achieved
using a pOPINS vector to express the protein fused with an N-
His6-SUMO tag. The Alzheimer’s Ab1–42 polypeptide was previously
expressed and puriﬁed with a SUMO tag [21], but the utility of this
approach for the production of other amyloidogenic proteins has
until now not been demonstrated. The preparative procedure de-
scribed yielded up to 6 mg of ﬁbrillar protein per litre of growth
media. We present the ﬁrst 13C and 15N SSNMR spectra of
uniformly 13C 15N-labelled medin ﬁbrils. This protocol will allow
further characterisation of medin using SSNMR and other biophys-
ical techniques.Materials and methods
Vector and cloning
Initially the medin gene was prepared synthetically and in-
serted into a pMalC2X vector by GenScript (U.S.A.). In order to im-
prove the yield and facilitate puriﬁcation of the target protein, the
medin gene was sub-cloned into pOPINS vector using the In-
Fusion™ method [22]. The pOPIN suite of vectors developed at
the Oxford Protein Production Facility can be used in conjunction
with the In-Fusion™ PCR cloning system (Clontech) [22]. This
method is a ligase independent method that is quicker and more
efﬁcient than many sub-cloning techniques and the pOPIN suite
provides several options for fusion partners and cleavage sites.
The pOPINS vector is derived from the pET 28a vector and com-
prises a N-His6-SUMO tag with kanamycin resistance (Fig. 1B).
The resultant vector was sequenced to conﬁrm the insertion of
medin (GATC).Expression of medin
The pOPINS-medin plasmid was transformed into E. coli BL21
(DE3) competent cells (Top 10, NEB). For expression of unlabelled
medin a colony was then selected and grown in 50 ml of Luria
Broth (LB) containing kanamycin at a concentration of 35 lg/ml
overnight at 37 C. This culture was then harvested by centrifuga-
tion at 3000g and used to inoculate 2 L of LB. The culture was
incubated at 37 C until an O.D.600 = 0.8–1 was reached. Expression
of the fusion protein was induced by the addition of isopropyl b-D-
thiogalactoside (IPTG) to a ﬁnal concentration of 1 mM and the cell
growth allowed to continue for a further 16 h at 20 C. Cells were
harvested by centrifugation at 3000g for 20 min at 4 C. This pro-
cess generated on average a 12 g/L of wet cell pellet in LB and 9 g/L
in minimal media. Cell pellets were resuspended in 40 ml of buffer
A (20 mM Tris, 0.5 M NaCl, pH. 7.4) and frozen at 20 C in prepa-
ration for lysis and puriﬁcation.
Expression of 15N/13C labelled medin proceeded as described
above except that the 50 ml overnight starter culture grown inLB was resuspended in 2 L of M9 minimal medium containing 2 g
of 15NH4Cl and 8 g of 13C-glucose.
Cell lysis and puriﬁcation
The SUMO-medin fusion (18,163 Da) protein can be isolated
from crude extract with the use of afﬁnity chromatography. The
presence of the His6-tag enables the use of immobilised metal
afﬁnity chromatography (IMAC), using resin functionalised with
Ni2+ ions. The bound protein is then eluted with imidazole, which
competes with the histidines to chelate the Ni2+.
The resuspended cells (from 1 L of culture) in 40 ml buffer A
were subjected to a single freeze–thaw cycle prior to 2 French
press cycles in the presence of DNase at a ﬁnal concentration of
20 ng/ml and a cOmplete EDTA-free™ protease inhibitor cocktail
tablet (Roche Applied Sciences). The lysed cells were then
centrifuged at 19,000g to remove the cell debris and the superna-
tant ﬁltered through a 0.22 lm AcrodiscTM ﬁlter. A 5 ml His-Trap
FF ™ column (GE Healthcare) was equilibrated with 5 column vol-
umes (CV) of buffer A and 5 CV of buffer B (20 mM Tris, 0.5 M NaCl,
0.5 M imidazole) followed by a further 5 CV of buffer A at 4 ml/min
and the supernatant loaded using an AKTA puriﬁcation system at
1 ml/min (GE Healthcare). The fusion protein was eluted from
the column with a step-wise gradient, with the target protein
eluting at 0.2 M imidazole concentration. The fusion protein was
collected and desalted using a 26/10 desalting column (GE Health-
care) to remove the imidazole.
Tag removal
The His6-SUMO tag was removed by incubation with SUMO
protease I at 30 C for 2 h as per the manufacturer’s instructions
(Tebu-bio) to yield the cleaved tag (12,372 Da) and medin
(5430 Da). Following cleavage, a second IMAC puriﬁcation step
was performed to remove the cleaved His6-SUMO tag and the
His6-SUMO protease. The cleavage mixture was passed through a
5 ml Ni2+ NTA column and the ﬂow through containing medin col-
lected. Medin was collected in the ﬂow-through and prepared for
aggregation and NMR studies.
Gel electrophoresis
The expression and puriﬁcation of medin was analysed by SDS–
PAGE using the Laemmli method [23]. Analysis was carried out
using 15% Tris-Tricine gels [24] in a Bio-Rad gel electrophoresis
system. 5 ll protein samples were added to 5 ll of 2 sample buf-
fer, boiled for 5 min and loaded onto the gel. All gels were run at
200 V for 60 min, stained with Coomassie brilliant blue G-250
and de-stained with H2O, methanol, and acetic acid in a ratio of
50/40/10 (v/v/v).
Western blot analysis
Polyclonal antibodies against two epitopes of medin,
corresponding to residues 1–10 and 19–31, were raised in rabbit
and puriﬁed by GenicBio (Hong Kong). Anti-rabbit IgG horseradish
Table 1
Comparison of medin puriﬁcation yields per litre between rich media (LB) and
minimal media (MM) determined using absorbance at 280 nm. The estimated amount
of medin within fusion protein is shown in parentheses.
Puriﬁcation step Yield in LB (mg) Yield in MM (mg)
Captured fusion proteina 25 (7.5) 18 (5.4)
Desalting 24 (7.2) 17 (5.2)
IMAC removal of His tag 6 3
a The yield of fusion protein obtained following IMAC puriﬁcation.
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Tris-Tricine 15% gels were run as described above and then trans-
ferred to PVDF membrane for 30 min at 100 V. Then membrane
was blocked overnight at room temperature with PBS + 5 mg/ml
BSA prior to addition of the primary antibody in blocking buf-
fer + 0.5% Tween. Following a 1 h incubation at room temperature,
the membrane was washed and then incubated with anti-rabbit
IgG peroxidase conjugate (A6154). The immunoreactive bands
were visualised with 0.5 mg/ml 3,30-diaminobenzidine tetrahydro-
chloride (DAB) (Sigma Aldrich) and H2O2 (0.015% v/v) in PBS.
Tryptic digest
Puriﬁed peptide (2 lg) was resuspended in 50 mM ammonium
bicarbonate pH 7.8 containing 2 M urea and digested overnight
with 0.1 lg trypsin. The resulting peptides were cleaned up using
C18 Zip Tips (Millipore) in readiness for analysis by either
MALDI-MS or ES-MS. MALDI-MS analysis was performed using a
MALDI-TOF instrument (Waters-Micromass) on samples dried
onto the target plate using a saturated solution of alpha-cyano-4
hydroxycinnaminic acid in 50% acetonitrile/0.1% triﬂuoroacetic
acid. For ES-MS analysis, the sample was infused into the nano
electrospray source of the mass spectrometer (Waters Q-ToF
micro), at a ﬂow rate of 150 ll/h, via a gas tight syringe. The posi-
tive ion mass spectrum of the sample was recorded.
Sample preparation for biophysical analysis
Medin was concentrated in an centrifugal ﬁlter device (Merck-
Millipore, 3 KDa MW cut-off) and dialysed into aggregation buffer
(20 mM Tris, 150 mM NaCl, pH.7.4) using a 0.5 ml Slide-a-Lyzer
(Fisher Scientiﬁc) with a 3.5 KDa MW cut-off.
Thioﬂavin T
Thioﬂavin T (ThT) assays were carried out on a Flexstation 3
microplate reader (Molecular Devices Ltd). Experiments were car-
ried out in 96-well black-walled, clear bottomed microplates
(Nunc) with data recorded using bottom read mode. ThT solution
was injected into the protein samples (20 lM peptide in 20 mM
NaPhos, 150 mM NaCl pH 7.4) at the start of the read, to a ﬁnal
ThT concentration of 20 lM. The wells were mixed with two cycles
of trituration prior to recording data. Fluorescent measurements,
representing the average of 6 ﬂashes, were recorded every 5 min
throughout the duration of the experiments, with the photomulti-
plier tube sensitivity set to medium. The dye was excited at
450 nm and the emission signal recorded at 485 nm with a cut-
off of 475 nm. Each data set was conducted in triplicate and the
average plotted as a function of time.
Dynamic light scattering
DLS measurements were carried out on a Zetasizer nano instru-
ment (Malvern instruments) on both freshly prepared and aggre-
gated 20 lM medin samples in aggregation buffer. Each
experiment was carried out in a 3 mm quartz cuvette at 25 C
and results are presented as average values from 15 scans.
Electron microscopy
The morphology of the medin aggregates were analysed using
transmission electron microscopy (TEM). 10 ll of ﬁbril solution
was loaded onto carbon coated copper grids and stained with 4%
uranyl acetate. The grids were visualised on a Tecnai 10 electron
microscope operating at 100 kV.Solid state NMR
Uniformly 13C- and 15N-labelled recombinant medin was con-
centrated to 200 lM and agitated at 25 C for 14 days to form ﬁ-
brils. One-dimensional 13C and 15N cross-polarisation magic-
angle spinning spectra were obtained on a Bruker 850 MHz
wide-bore solid-state NMR spectrometer. The experimental condi-
tions were: 14 kHz sample rotation, 1-ms Hartmann–Hahn contact
time, 100 kHz proton decoupling and a 1.5-s recycle delay.Results
MBP as a possible fusion partner
Initially maltose binding protein was selected as a fusion
partner for recombinant medin expression as it has been used pre-
viously to improve solubility of amyloid proteins such as a-synuc-
lein [25], Ab [26] and amylin [27]. A synthetically produced medin
gene was inserted into the pMALC2X vector by Genscript (U.S.A.).
The pMALC2X vector was modiﬁed to include a tobacco etch virus
(TEV) protease cleavage site between the MBP and medin se-
quences. This construct gave a good yield of soluble fusion protein
however the cleavage of the fusion protein was inefﬁcient and de-
spite optimisation attempts could not be signiﬁcantly improved
and resulted in very poor overall yield (<1 mg/L of rich culture)
unsuitable for structural analyses (data not presented). It was
therefore decide to explore alternative fusion partners and cleav-
age mechanisms.Expression and puriﬁcation of His6-SUMO-medin fusion protein
The pOPINS vector was chosen as an alternative construct for
medin expression. It encodes the fusion partner His6-SUMO which
is highly soluble and can therefore reduce incorporation of this
highly amyloidogenic peptide into inclusion bodies [28]. This con-
struct gave rise to a high level of over expression in the soluble
fraction (approximately 90%). Furthermore the addition of a His6
tag allowed for IMAC puriﬁcation, which reduced the number of
puriﬁcation steps required and resulted in relatively high purity
at capture stage (Fig. 1B). SDS–PAGE gel analysis of the Ni2+ column
ﬂow through did not indicate the presence of any fusion protein
suggesting close to 100% capture. Importantly, the fusion protein
can be cleaved using SUMO protease, which recognises the tertiary
structure of the SUMO tag opposed to the sequential recognition of
TEV and many other proteases. This resulted in 100% cleavage of
the fusion protein and a greatly improved overall yield. Approxi-
mately 6 mg and 3 mg of unlabelled and isotopically labelled med-
in were obtained from 1 L of culture, respectively (Table 1).
To our knowledge, only one earlier example of the use of SUMO
for the expression of full length amyloid proteins has been re-
ported in the literature [21], and none using the pOPINS vector
construct. The improvement observed here support the previous
ﬁndings that suggest that SUMO may be a preferable system for
Fig. 2. SDS PAGE of puriﬁed medin (A), Lane 1. Puriﬁed medin. Lane 2. Low
molecular weight markers (Sigma). Western blot analysis of medin (B). Lane 1. See
Blue Pre-Stained Standard (Invitrogen), Lane 2. Medin. Visualised using 3,30-
diaminobenzidine tetrahydrochloride (DAB). Arrows indicate monomeric medin.
The second band may indicate the presence of a medin tetramer at 21.7 KDa.
Table 2
Comparison of tryptic digest expected masses obtained from PeptideMass server
(ExPASy) and experimentally determined masses from both MALDI and ES-MS.
Fragment sequence Expected mass MALDI ES-MS
R – – –
LDK – – –
QGNFNAWVAGSYGNDQWLQVDLGSSK 2841.3 2841.2
EVTGIITQGAR 1144.6 1144.5 1144.5
NFGSVQFVA 968.4
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structural studies.Conﬁrmation of medin
Western blot analysis conﬁrmed the presence of the medin
sequence (Fig. 2B). The western blot indicates the presence of
monomeric medin (indicated by arrow, Fig. 2B) and a possible
aggregated tetrameric form of medin (21.7 KDa). The puriﬁcation
product was subject to trypic digest and subsequent mass
spectrometry analysis. Three of the four expected fragments were
identiﬁed covering 80% of the sequence (Table 2). The C-terminalFig. 3. Medin ﬁbril formation. (A) The effect of protein concentration upon medin aggre
spectrometer at 30 C under quiescent conditions. Data represent mean ﬂuorescence i
aggregation buffer) at 0 and 48 h. Data recorded using a Zetasizer nano instrument operat
electron microscopy images of medin ﬁbrils formed under quiescent conditions, at 30 Cfragment NFGSVQFVA was not observed, but, because this region
is a highly amyloidogenic part of the peptide [11,29], it is possible
that rapid aggregation and precipitation occurs when cleaved from
the rest of the peptide and thus the fragment is invisible by mass
spectrometry.
Aggregation properties of medin
The aggregation kinetics of recombinant medin under quiescent
conditions were analysed using Thioﬂavin T ﬂuorescence. An
increase in ﬂuorescence intensity is associated with levels of the
characteristic cross-b structure of amyloid ﬁbrils. The data shown
in Fig. 3A indicate that medin aggregation occurs over a period of
48 h via nucleation dependent growth with the characteristic lag
phase, followed by an exponential growth and elongation phase.
Dynamic light scattering (DLS) provides information about the
size distribution of particles in solution. DLS was used here to
monitor changes in the distribution of medin particles over the
time-course of aggregation. As can be seen in Fig. 3B, the initial
particle size in a freshly prepared medin solution is consistent with
monomeric peptide species in a compact conformation, whereas
after 48 h much larger higher aggregates have formed. These data
indicate, like the ThT, that aggregation occurs within 48 h.
The morphology of the resultant aggregates was analysed by
transmission electron microscopy. Images show slender,
unbranched ﬁbrillar aggregates with an approximate diameter of
10 nm, consistent with other amyloid assemblies (Fig. 3C) [30].
Solid-state NMR analysis of medin ﬁbrils
Proton decoupled 13C and 15N spectra were collected for full
length recombinant medin (Fig. 4). The spectra show that medin
was successfully isotopically labelled with both 13C and 15N. In
both spectra the resonance lines were rather broader than has been
observed for Ab1–40, for example, [31,32], consistent either with
structural heterogeneity of medin within the ﬁbrils or different
morphological ﬁbril forms, or both. It may be possible to obtain
morphologically-pure strains of medin ﬁbrils by employing several
iterations of ﬁbril seeding [33,34], to provide NMR spectra with
narrower line widths suitable for detailed structural analysis. The
procedure reported here nevertheless yielded isotopically-labelled
medin ﬁbrils that enabled us to obtain the ﬁrst structural informa-
tion using solid-state NMR. The 13C and 15N spectra were compared
with simulated spectra generated with reference to the chemical
shift values predicted for medin modelled in 100% a-helical or b-
sheet conformations, or as a random coil (Fig. 5). In the backbonegation measured by thioﬂavin T ﬂuorescence. Data were recorded on a ﬂuoromax
ntensities for 3 replicates. (B) Dynamic light scattering data for medin (20 lM in
ing at 25 C; data shows an increase in particle size over time. (C) Negatively stained
, at a medin concentration of 20 lM in aggregation buffer.
Fig. 4. Solid state MAS NMR spectra of uniformly 13C and 15N labelled medin ﬁbrils.
(A) Proton decoupled 15N spectrum obtained after 20,480 scans. (B) Proton
decoupled 13C spectrum obtained after 1024 scans.
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frequencies is consistent with simulated spectra for medin in a
partial b-sheet structure with additional contributions from
a-helical and/or random coil elements (which largely overlap with
each other) (Fig. 5A). The regions of the 13C spectra that are most
sensitive to secondary structure (i.e., in the frequency range of
the a-, b- and backbone amide carbons) correspond closely with
the simulated spectrum for medin b-sheets Fig. 5B, top), and to a
lesser extent with the simulated spectrum for medin as a random
coil (data not presented). By contrast, the simulated spectrum for a
medin a-helix is in much poorer agreement with the data (Fig. 5B,
bottom). Hence the 15N and 13C spectra indicate that ﬁbrillar medin
is predominantly b-sheet with some unstructured elements, with
little or no a-helical content. These preliminary results lay the
foundations for further structural analysis using multidimensional
solid-state NMR methods.Fig. 5. Comparison of experimental spectra and simulated spectra. (A) Experimen-
tal 15N spectrum superimposed with a simulated spectrum for a medin b-sheet (left,
dashed line) and with simulated spectra for an a-helix (right, dashed line) and
random coil (right, bold solid line). (B) Experimental 13C spectrum superimposed
with a simulated spectrum for a b-sheet (top, dashed line) and a-helix (bottom,
dashed line). Simulated spectra were generated by a computer programme written
speciﬁcally for that purpose, using chemical shifts for each residue as predicted by
ShiftX2 [35] from PDB ﬁles for medin modelled as 100% b-sheet or a-helix, or using
random coil shifts taken from [36].Discussion
Aortic medial amyloid is the most common form of localised
amyloid yet there remains no published method for the large scale
expression and puriﬁcation of medin. Chemically synthesised
proteins are expensive to purchase and often difﬁcult to obtain
therefore it is preferable to use an expression host which is more
cost-effective and provides a replenishable source of peptide.
Furthermore, there is evidence that synthetically produced and
recombinant proteins behave differently in vitro [28]. The lack of
a reliable expression protocol has limited research on medin and
AMA. The objective of this work was to establish expression and
puriﬁcation protocols for the production of recombinant medin
for future characterisation studies. Moreover, the use of an E. coliexpression host enables the relatively facile incorporation of iso-
tope labels required for NMR structural analysis.
Medin was ultimately cloned into the pOPINS vector and ex-
pressed in BL21 (DE3) E. coli cells. Small proteins are often suscep-
tible to proteolytic degradation; the use of a fusion protein can
help protect the peptide from degradation. The use of afﬁnity or
solubility tags can also assist in the puriﬁcation. The pOPINS vector
H.A. Davies et al. / Protein Expression and Puriﬁcation 98 (2014) 32–37 37contains both a His6 afﬁnity tag and a SUMO solubility tag and
these tags improved the expression and puriﬁcation of medin.
This work also demonstrates for the ﬁrst time the expression of
uniform 13C/15N isotopically labelled medin suitable for NMR
structural studies. Expression in minimal media produced 3 mg
of uniform 13C/15N isotopically labelled medin per litre of culture.
These protocols will now enable in depth studies into the biophys-
ical and structural properties of medin and could lead to a greater
understanding of how this polypeptide affects the physiology of
the aorta and other blood vessels.Acknowledgments
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